One of the practical applications of porous aluminum is the core material for panel/foam sandwich structures. To manufacture the foam/ panel sandwich structure by a powder processing route, a sheet type precursor is essential. Therefore, a foaming behavior of aluminum sheet precursor (pure Al, 6061Al and Al-7Si) was examined. The foaming behavior was examined by the projected area of a precursor recorded by two video cameras from horizontal (lateral-side observation) and vertical (top-surface observation) directions. Average diameters and vertical/ horizontal Feret diameter ratios were used to evaluate pore morphology. Free foaming behavior of the sheet type precursors was extremely unidirectional along the compression direction of the rolled precursor. With regard to pure aluminum and 6061Al precursors, the pore morphology at the early stage of foaming was extremely anisotropic (flat shape), while the pore morphology became spherical when the specimen reached to the maximum expansion. As for the Al-7Si precursors, such flat anisotropic pores were not observed even at the early stage of foaming.
Introduction
Porous aluminum [1] [2] [3] [4] [5] possesses several unique properties which can not be achieved by dense materials. High energy absorption, high sound absorption, low density (<1:0 g/cm 3 ) are, for example, typical unique properties of the porous aluminum. A powder processing route is one of the processing techniques to fabricate the porous aluminum. [6] [7] [8] In the powder processing method, titanium hydride (TiH 2 ) powder as a blowing agent, which decomposes at temperatures near the melting point of aluminum and releases hydrogen gas, was blended with aluminum powders.
9) The powder blend was then consolidated to make Al-TiH 2 precursors, and the precursor was heated in a furnace to induce melting of aluminum and decomposition of TiH 2 . The hydrogen gas released from TiH 2 generates many pores. One of the major applications of the porous aluminum is a core material for sandwich panel structures to improve stiffness and damping capacity. 10) Therefore, the basic understanding of the foaming behavior of sheet precursors made by rolling is essential. In this research, effects of processing parameters on the blowing behavior of sheet precursors made of three kinds of aluminum powders were observed. The processing parameters we focused on were heating temperature and aluminum alloy compositions (pure aluminum, 6061Al and Al-7Si alloys).
Experimental Procedure
2.1 Preparation of rolled sheet precursor and foaming experiment Pure aluminum, 6061Al alloy, Al-7 mass%Si alloy powders and TiH 2 powder (<45 mm) were used in this study.
Median diameters (D 50 ) of pure Al, 6061Al and Al-7Si powders were 45, 41 and 41 mm, respectively. TiH 2 powder was blended with aluminum powders by 0.5 mass%, and the blended powder was compacted by cold isostatic pressing (CIP). The CIPed specimen was then hot-extruded and rolled to make thin sheet precursors (1 mm Â 18 mm Â 70 mm). The rolled sheet precursor was placed on a graphite substrate and heated in an infrared furnace as shown in Fig. 1 . A thermocouple was embedded in the graphite substrate and the temperature during the heating process was monitored by the temperature of the graphite substrate. The precursor was heated by 15 C/min after pre-heated at 500 C for 1200 s to equalize the temperature distribution. The blowing behavior of the precursor was recorded by cameras from two directions as indicated in Fig. 2 . In the present paper, a surface or a cross-section observed from horizontal direction and vertical directions will be denoted as Plane I and Plane II, respectively. The foaming behavior in both Planes I and II was evaluated by relative projected areas (A r ) defined by eq. (1).
11)
where, A t is the projected area at time t and A 0 is the initial projected area. The specimen was taken out of the furnace at various temperatures and cooled immediately by a hydrofluorocarbon-gas spray (HFC-134a). Apparent density of the porous specimen was measured by Archimedes method to calculate porosity.
Characterization of porous specimen
The solidified specimen was cut along Plane I as shown in 
The data of the pores less than 0.049 mm 2 (equivalent to 0.25 mm in diameter) were eliminated from analysis, because the resolution of the photo recording system was not accurate enough to collect the reliable result of such small pores.
Results and Discussion

Foaming behavior of pure Al precursor
Pure aluminum precursors were heated on the graphite substrates and cooled immediately after reaching at the prefixed temperatures (660$750 C). Cross-sections in Plane I and external views of Plane II are shown in Figs. 4(a) and (b), respectively. Similar to powder compacted precursors, 12) the pore formation of rolled pure aluminum precursor started at around the melting point of pure aluminum (660 C). The initial pores were flat with low vertical/horizontal Feret diameter ratios. No spherical pores were observed when the substrate temperatures were below 690 C. It is reported that the pore is formed by tearing the original aluminum powder boundary at the initial stage of foaming when aluminum is a solid state or solid/liquid mixture 13) as schematically illustrated in Fig. 5 . Therefore, pore morphology at the initial stage is extremely flat along the rolling direction in this experiment. As shown in Fig. 4 , the precursor expanded along Plane I at temperatures ranging from 660$710 C. At 710 C, anisotropic flat pores were no longer observed. By heating the precursor at temperatures higher than 710 C, the porosity of the precursor started to decrease, even though the pore size became larger due to gravity-driven flow of molten aluminum through cell faces and cell edges (drainage 14) ). As clearly seen in Fig. 4(b) , precursor did not expand in Plane II even after heated at 750 C. The change of relative projected area observed in both Planes I and II are shown in Fig. 6 . It is apparent that the precursor expanded only in Plane I and a little shrinkage was confirmed in Plane II. This unidirectional expansion along the compression direction of the precursor consolidation has been reported by many researchers. 7, 13, 15) The shrinkage in plane II could be caused by the oxide film formed at the surface of the specimen. Since the surface of the specimen could not expand due to the presence of the 
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oxide layer, the size of the specimen in Plane II shrunk along with the expansion in Plane I. Figure 7 shows cross-sections of 6061Al alloy specimens cooled at various temperatures. Similar to pure aluminum specimens, anisotropic flat pores were observed in 6061Al specimens at temperatures below 660 C. The pores became spherical at 700 C. Figure 8 shows cross-sections of Al-7Si alloy specimens. Unlike pure aluminum and 6061Al alloy specimens, anisotropic flat pores at the early stage of foaming were not observed in Al-7Si specimens. Small isotropic pores less than 1.0 mm were observed at 600
Foaming behavior of 6061Al and Al-7Si alloy precursors
C. This is due to the relation between the decomposition temperature of TiH 2 and the eutectic temperature of Al-Si alloy, which will be discussed in the next section. temperatures. It is clear that the Feret ratio of pure Al and 6061Al alloy specimens were quite low (; 0:2) at the beginning, while that of Al-7Si alloy was higher (; 0:6). The initial pore morphology was evaluated from the specimens with porosity ranges between 10 and 20%. The low initial Feret ratio of pure Al and Al-7Si precursors might be caused by the relation between liquid fractions of aluminum alloys and the decomposition temperature of TiH 2 . Figure 10 shows a differential scanning calorimeter (DSC) curve of the TiH 2 powder. Two endothermic peaks were detected, and it was reported that the hydrogen gas is released from TiH 2 at these peak-temperature ranges. 16) Judging from Fig. 10 , the TiH 2 powder used in this research decomposed at around 500$600 C. Figure 11 shows the liquid phase fraction of pure aluminum, 6061Al alloy and Al-7Si alloy as a function of temperatures. 17, 18) In the temperature range of TiH 2 decomposition (500$600 C), liquid phase fractions of pure Al and 6061 alloy specimens are very low (<5%). Then the initial pores were formed by tearing the original aluminum powder boundary, which was previously rolled and severely flattened. However, sufficient liquid phase (60$75%) existed in Al-7Si alloy specimen within the decomposition temperature range of TiH 2 . This is the reason why anisotropic flat pores were not significantly observed at the early stage in Al7Si precursor.
Conclusion
The foaming behavior of rolled sheet precursors made of various aluminum alloys was investigated. The effects of heating temperatures and aluminum alloy compositions (pure aluminum Al-7Si and 6061Al aluminum) were examined, and the following results were obtained.
(1) With respect to rolled pure aluminum and 6061Al precursors, the initial pores were anisotropic flat shape with low vertical/horizontal Feret ratios (<0:2). This was caused by the low liquid fraction in the precursor at decomposition temperature of TiH 2 . (2) The precursor expanded only along the compression direction of the rolling. A little shrinkage was observed along the other directions. (3) Spherical pores were formed even at the early stage of foaming in the Al-7Si precursor. 
